Abstract Although magnesium as degradable biomaterial already showed clinical proof of concepts, the design of new alloys requires predictive in vitro methods, which are still lacking. Incubation under cell culture conditions to obtain ''physiological'' corrosion may be a solution. The aim of this study was to analyse the influence of different solutions, addition of proteins and of oxygen availability on the corrosion of different magnesium materials (pure Mg, WE43, and E11) with different surface finishing. Oxygen content in solution, pH, osmolality and ion release were determined. Corrosion led to a reduction of oxygen in solution. The influence of oxygen on pH was enhanced by proteins, while osmolality was not influenced. Magnesium ion release was solution-dependent and enhanced in the initial phase by proteins with delayed release of alloying elements. The main corrosion product formed was magnesium carbonate. Therefore, cell culture conditions are proposed as first step toward physiological corrosion.
Introduction
Magnesium in biomedical applications has a long standing history and already showed different proof of concepts for medical applications [1] . However, besides of stent applications [2] [3] [4] [5] there is no further clinical application yet. Although orthopaedic or paediatric applications would be of high interest, the approaches are hampered by the lack of suitable and predictive in vitro systems [6] . The comparison of in vitro and in vivo results usually differs by orders of magnitude [7] , and the used setups are manifold and even not comparable in vitro [8] . Towards a reliable setup many factors have to be taken into account-tissue-specific environment, the contact with blood and last but not least the contact with different, tissue-specific cell types. A first step for defining a relevant degradation model using cell culture conditions were performed recently [9, 10] . Here it was shown that the introduction of CO 2 led to a change in the formed corrosion products. Next to Mg(OH) 2 , which is the undisputed corrosion product in technical setups, under cell culture conditions mainly MgCO 3 is formed, which was also confirmed by other authors [11] .
To shed a light on further aspects of the corrosion environment this study was performed regarding the availability of oxygen and proteins. Proteins are ubiquitous in the human body, whereas the amount of oxygen varies tissue-specifically between low oxygen conditions (\1%) in e.g., cartilage [12, 13] and normoxic (21%) conditions in arterial blood. The amount of available oxygen is important for cellular differentiation [14] . In this study the effect of the addition of proteins and the variation of available oxygen was analysed.
Moreover, it is known that the type of alloy and the preparation of the samples have an influence on the corrosion properties of the material, therefore three different alloys and three surface conditions were analysed. The last aim of the study was to determine an optimal corrosion solution for the used setup; therefore a slightly buffered salt solution was compared to cell culture solution, which has even higher buffering capacity than whole blood.
Materials and methods

Permanent mould casting of pure magnesium
and magnesium alloys WE43 and E11
Magnesium castings were prepared by pure Mg (99.95 wt.%) and pure alloying elements in a mild steel crucible under a cover gas mixture of Ar 2 and 0.3% SF 6 . After mixing at 730°C for 1.5 h, the alloy was cast to the mould preheated at 500°C. The filled mould was held at 670°C for 1 h under protective gas (Ar ?0.3% SF 6 . Then, the whole steel crucible with the melt was immersed into the continuous cooling water at 10 mm/s. When the bottom of steel crucible touched the water, it stopped for 1 s. As soon as the liquid level of inside melt was in alignment with the height of outside water, the solidification process was finished. The size of the ingot was 6 cm 9 12 cm 9 20 cm. Based on earlier analyses of a commercially available WE43 alloy [15] the main components were used to have a more defined alloy composition. Therefore the cast alloy had the composition Mg-4 wt%, Yttrium-0.5 wt%, Gadolinium-2 wt%, Neodymium-0.5 wt%, Dysprosium (Mg4Y0.5Gd2Nd0.5Dy). The E11 alloy had the composition Mg10Gd1Nd.
Sample preparation and surface finishing
The ingots were cut by electrical discharge machining into plates (20 cm 9 12 cm 9 2 cm) and cylindrical samples (5 mm diameter) were prepared by laser cutting. Laser cutting was done under protective gas atmosphere to avoid building of burrs around the cutting edge and oxidation of the surface. Surface finishing was done by three different methods: (1) as cut; (2) electro polished, and (3) etched. For electro polishing the samples were fixed on a holder and plunged in an electrolyte bath. An electric circuit was closed over the sample and a cathode for a few minutes. The result is a shiny, mirror like surface. Etching was performed by placing the samples in an etching solution for a few seconds. Material removal is in the same range as the electropolishing (a few microns). After every process step the samples were cleaned in ethanol.
Specimen sterilization
The samples were sonificated for 20 min in dry isopropanol, dried and gamma-sterilized at the In core irradiation (ICI) facility of the Geesthacht neutron facility with a total dosage of 29 kGy.
Composition of corrosion media
Two different solutions were used for the corrosion tests: I. Hanks balanced salt solution without calcium and magnesium (HBSS, Invitrogen Corporation, Karlsruhe, Germany) and II. Dulbecco's modified eagle medium Glutamax-I (DMEM, Invitrogen Corporation, Karlsruhe, Germany). The composition of the different corrosion media is depicted in Table 1 . As additional experiment to determine the influence of proteins all solutions were supplemented with standardized 10% fetal bovine serum (FBS, PAA Laboratories, Linz, Austria).
Corrosion environment
All corrosion experiments were carried out at 37°C, 5% CO 2 , and 95% humidity in an incubator (Heraeus BBD 6620, Thermo Fisher Scientific, Schwerte, Germany), oxygen content was either set to 20 or 5%. The exposition time of the samples was at least 72 h.
Online pH and oxygen measurement
The dynamic pH/oxygen measurement was performed with the SDR SensorDish Reader system (PreSens GmbH, Regensburg, Germany) on special 24-well-plates with an integrated pH sensor (multidish ''HydroDish'' or ''OxyDish'', PreSens GmbH, Regensburg, Germany). The measurement is based on non-invasive luminescence detection. The measurement range for pH determination of the system is limited from four to nine. Experiments were performed by incubating 5 mm magnesium samples in 1.5 ml of the respective corrosion media for 3 days with a medium change every 24 h. Prior to discarding the medium was analysed further for pH after shaking (pH-meter Titan X, Fisher Scientific GmbH, Schwerte, Germany) as comparison to the online measurement, osmolality and ion release from the magnesium samples (see below). Oxygen measurements were performed in four replicates.
Osmolality measurement
The corrosion solutions were replaced every 24 h and analysed for osmolality. Solutions kept under the same conditions but without magnesium sample served as reference. The osmolality was measured using an osmometer (Osmomat 030, Gonotec, Berlin, Germany). All corrosion media supplemented with 5 to 50 mM MgCl 2 (in steps of 5 mM) were measured as calibration to calculate the final molarity of the solutions out of the osmolality data.
Quantitative magnesium ion release measured by ICP-OES
To quantitatively determine the release of magnesium ions in the different corrosion media the resulting solutions hours were completely transferred to 15 ml Falcon tubes (Greiner Bio-One, Frickenhausen, Germany) after 24, 48, and 72 h. The samples were diluted with ultrapure water and nitric acid (subboiled, 65%) to a mass of about 11 g containing two weight-% acid and measured by ICP-OES (Arcos, Spectro Analytical Instruments, Kleve, Germany). In case of the addition of FBS, a formation of a precipitate was observed after addition of water and acid. This precipitate was dissolved by incubation for 3 weeks in an oven at 60°C. The magnesium concentration in the media (DMEM and FBS) was determined and subtracted, so all presented magnesium contents result from the corrosion process. All determinations were performed by analysis of two interference-free wavelengths including a drift correction.
Microscopy
Samples were rinsed after immersion for 1 min in distilled water and dried in a vacuum oven for 24 h. The corrosion layers were visualized by scanning electron microscope (SEM; Auriga, Zeiss, Oberkochen, Germany). Images were taken at an accelerating voltage of 5 keV with the secondary electron detector (SE2). Element analysis on the sample surface was performed by electron-dispersive X-ray spectroscopy (EDS; Apollo XP, EDAX, Ametek GmbH, Wiesbaden, Germany). The measurements were done semiquantitatively without standard.
Cross section specimens were cut using a diamond wire, embedded in a resin and polished with alumina. The final polishing was undertaken with a 0.1 lm colloidal silica suspension. The not conductive epoxide resin samples had to be coated with a gold-palladium alloy to allow SEM investigations (SCD 030, Balzers Union, Balzer, Liechtenstein). To equal the deposit thickness of the sputtered coating, each pair was exposed to 30 mA for a time of 60 s. SEM-images were taken at 20 kV accelerating voltage with the back-scattered-electrons (BSE)-detector in order to gain material contrast. Due to obtain a high counting rate by EDS the SEM aperture of 120 lm diameter had been used in high current mode. EDSmapping was realized on any sample with ever nine regions of interest in the respective EDS spectrum; i.e., Mg, N, Na, C, Ca, Cl, K, O, and P; to identify the element distribution of the corrosion layer. For every image at least 32 frames were mapped, each with a resolution of 512 9 400 points with a dwell time of 500 ls per point. During EDS -mapping drift correction was applied to increase quality.
Statistical analysis
Statistics were performed using the SigmaStat package (Systat software GmbH, Erkrath, Germany). Standard analysis comparing more than two treatments was done by using the one-way ANOVA. Depending on the data distribution either a one-way ANOVA or an ANOVA on ranks was performed. Post-hoc tests were Holm-Sidak or Dunn's multiple comparison, respectively. Statistical values are indicated at the relevant experiments.
Results
Effect of magnesium corrosion on oxygen tension
In contrast to technical corrosion setups where oxygen does not play a major role, the influence of oxygen on magnesium corrosion in physiological environments was not yet analysed. Due to the different availability of oxygen in tissues it may also be a relevant factor. Therefore we analysed the influence of oxygen tension on magnesium corrosion. The average values (Table 2) showed a lower decrease at 5% that at 21% oxygen. However, the timeresolved oxygen measurements revealed different patterns of influence on the oxygen tension of the corroding magnesium. During incubation in 21% oxygen and HBSS magnesium corrosion induced an initial drop of oxygen tension of about 9%. A further decrease was observable starting at about 30 h. After 66 h the difference to control medium was only 1%. The addition of proteins increased this difference slightly (mean reduction HBSS, 67.6%; HBSS ? FBS, 66%). The incubation in 5% O 2 led to lower decrease of 2.3%, the minimum was reached at 12 h, and thereafter the oxygen tension was slowly but constantly increasing. The addition of proteins accelerated this process (Fig. 1a) . To obtain a better overview the differences were depicted as percent reduction (Fig. 1b) . The curves showed no big differences, except for 5% oxygen ? FBS, were after about 30 h the reduction decreased sharply. In contrast, the incubation with DMEM at 21% O 2 showed an enduring decrease of oxygen in the range of 9-10% and proteins enhanced the decrease up to 40 h. This was also observable for the incubation at 5% O 2 , where the decrease was nearly stable up to 60 h, thereafter the oxygen Given are means and standard deviation of four measurements each (up to 16,000 measuring points per sample). The oxygen consumption in 21% oxygen was higher in all cases than at a partial pressure of 5%. The addition of magnesium increased the standard deviation in all cases, indicating higher sample variability and led to a significant reduction of the partial pressure in all cases (ANOVA on ranks, Dunn's post-hoc test, P \ 0.001) reduction became lower. Proteins induced a lower reduction of oxygen (Fig. 1c, d ).
Effect of magnesium corrosion and oxygen content on pH
The measurement of pH in the vicinity of the samples is a measure for the corrosion speed. While high pH indicates a fast corrosion (often due to pitting corrosion), lower pH indicates that either corrosion is more uniform or reduced. Therefore we measured pH online in the vicinity of the samples to have an indication about the course of corrosion. The measurement of pH in the vicinity of the corroding samples showed some general trends as depicted in Fig. 2 . To determine the influence of proteins the ratio of average pH with and without the addition of FBS was calculated. It could be shown that the addition of proteins led to decrease in average pH in most of the cases (six of nine cases for each environment), except for the treatment with DMEM at 5% O 2 , where in only 2 out of 9 cases the addition of proteins reduced the average pH (Fig. 2a) . A clearer trend could be observed when comparing the incubation in 5 and 21% oxygen. The reduction of oxygen in the gaseous phase to 5% led to a significant decrease of pH in DMEM (all surface conditions), with the addition of proteins in most cases (five out of nine; Fig. 2b ).
Increase in osmolality
As a further measure of corrosion speed the osmolality was determined. In this case only the corrosion solutions containing 10% FBS were analysed. Generally, the pure solutions had an initial osmolality of 0.257 Osm/Kg (HBSS) and 0.308 Osm/Kg (DMEM). To directly compare the different solutions the increase in osmolality with increasing immersion time was calculated (Fig. 3) . Generally, the amount of oxygen was not influencing the osmolality of the solutions. osmolality compared to DMEM and the values were building a ''plateau'' after some time. In contrast, immersion in DMEM showed a lag phase with slow increase of osmolality up to 48 h, but thereafter an increase to the level reached by the immersion in HBSS. The comparison of the different materials showed that pure magnesium induced the lowest increase, followed by WE43 and E11.
Ion release from the different materials
Ion release from the different materials was determined by ICP-OES. Some general trends were observable: (1) immersion in DMEM always led to lower ion release compared to HBSS; (2) The addition of FBS increased the amount of released magnesium in most cases, and (3) alloying elements show a different release kinetic than magnesium (Fig. 4) . Moreover, it could be observed for most of the cases that a reduction in oxygen at least for the DMEM-solution reduced the ion release of magnesium ions. 
Ion release due to surface conditions
The cumulative ion release from the different alloys and the different surface conditions is depicted in Table 3 . It could be observed, that the polished condition led to the slowest corrosion rates (determined by the ion release) in the pure magnesium samples. The alloy WE43 showed significantly higher corrosion rates compared to pure magnesium and very inhomogeneous results. Moreover, some of the WE43 samples disintegrated already during the 3 days immersion experiments. In the E11 alloy the etched surface condition was most favourable for low ion release, followed by polishing. Moreover, the influence of proteins was studied in relation to the surface conditions. To determine the difference between the conditions the ratio was calculated (Medium ? FBS-pure medium). Here it could be observed, that in most of the cases the addition of FBS increased the ion release significantly (Fig. 5a ). The influence of oxygen showed no clear trend. In HBSS it mostly led to a dramatic increase of ion release, whereas in the other solutions the in-or decrease was moderate, with equal observations of increase and decrease (Fig. 5b) . In contrast, regarding the release of the alloying elements a reduction of oxygen in most of the cases decreased the release of alloying elements (Fig. 5c) . A comprehensive statistical comparison of all treatments and environments (ANOVA on ranks, Dunn' Post-Hoc test; n = 74) is depicted in multiple comparison graphs. The main significant differences could be attributed to the choice of medium and alloy (Fig. 6a ) and the addition of proteins ( Fig. 6b-d) . Differences in the absence of proteins were more pronounced than with protein present. Oxygen tension had in most cases no influence on the ion release.
Corrosion layer analysis
No distinct differences were observable between the corrosion surfaces under normal and reduced oxygen regimes. Therefore only the surfaces of the samples incubated in 21% O 2 are depicted in the following. The immersion of the samples in HBSS under cell culture conditions led to an irregular corrosion surface (Fig. 7a) . At closer look it exhibited a structured appearance, which was build by a dense conglomerate of very thin platelets (Fig. 7b, c) . EDS analysis revealed only Mg, C, and O as prevalent elements (Fig. 7d) . EDS quantification showed the atomic percentages of C (3.24), O (90.91), and Mg (5.85).
The addition of 10% FBS led to a more irregular surface, which was not as closed as the surface by pure HBSS immersion. More holes were observable, presumably due to the evolution of hydrogen, disturbing the formation of a dense layer. By the addition of proteins N and Na as additional elements could be observed (At%-C 4.54; N 0.47; O 90.24; Na 0.09; Mg 4.66). This may indicate that a small amount of protein remnants is incorporated in the corrosion layer (Fig. 8a-c) . (Fig. 9) led to the formation of a closed layer of crystalline structures (observable by eye as white precipitates). In contrast to HBSS which did not contain calcium, EDS analysis showed the presence of small amounts of calcium in the layer (atomic percent: C 2.94, O 94.74, Mg 2.3; Ca 0.02).
When proteins were added to DMEM there was a reduction of crystal formation observable compared to pure DMEM (Fig. 10) . The corrosion layer close to the sample surface showed two different crystallite orientations. Atomic ratios of the elements were C 5.34; N 0.58; O 90.06; Na 0.07; Mg 3.9; P 0.03; S 0.01; Ca 0.01. As this solution is supposed to be the most relevant for physiological corrosion, a cross section of the samples was also analysed. This analysis revealed that the corrosion layer contained the elements Mg, C, O, K, Cl, Na, P, Ca, and N (Fig. 11a) . Also in this section the crystalline structure could be observed (Fig. 10b) . Moreover, there was a remarkable co-localisation of Ca and P in the vicinity of the sample surface, as determined by EDS-mapping (Fig. 10c) . The carbon distribution was associated with oxygen ( Fig. 10d) .
Discussion
One aim of this study was to introduce cell culture conditions as a relevant environment for a more physiological corrosion environment. Cell culture is normally optimized to represent a sustainable environment for proliferating cells. Therefore the standard conditions are comparable to the condition in blood going into the body circuit-a high oxygen saturation, an amount of carbon dioxide in the range of 5-5.5% and body temperature. The used media have the same buffering system as blood, based on NaHCO 3 and dissolved CO 2 . However, the buffering capacity is dependent on the available amount of NaHCO 3 . Whereas HBSS contains 350 mg/l, DMEM contains more than tenfold (3,700 mg/l). Although this amount determines about 75% of the buffering capacity of the inorganic part of blood, the main other constituents are serum proteins [16] , therefore it is necessary to also reflect this part. In our study we decided to add FBS as protein source, well knowing, that other constituents like growth factors, enzymes or antibodies, just to name a few, are present.
The buffering capacity of the medium determined the ion release. It was observed that ion release in DMEM was always lower than in HBSS (Fig. 4) and that the addition of proteins always increased the ion release from the materials. This was independent from the surface condition and oxygen regime (Fig. 5) . This increase may be explained by the stabilization of the pH-value (Fig. 2) , which was mostly decreased by the addition of proteins, therefore favouring an ongoing release of magnesium from the bulk material. The corrosion of magnesium is highly dependent on the pH (e.g., [6, 17] ) and on the composition of the solution [18, 19] . Also the influence of proteins is of a b c Fig. 5 Dependency of magnesium release on the addition of proteins (a) and oxygen tension (b). In nearly all cases the addition of proteins increases the ion release, whereas for reduced oxygen no clear trend could be observed. In c the influence of oxygen on the release of alloying elements is shown importance, which was described for single proteins like albumin [20, 21] . Furthermore, proteins are also interacting with CO 2 by tightly binding both oxygen atoms by acid/ base interactions [22] . However, in these studies no cell culture conditions were applied, and the results are contradictory to our study, as corrosion resistance was improved by the addition of proteins [23] . In this study, at least during the first 3 days, the ion release into the corrosion medium is increased by the addition of proteins. This behaviour indicates a faster initial corrosion. However, long term experiments (14 days?) showed a higher stability of the samples when immersed in medium ? FBS (data not shown). Therefore this initial period of corrosion is worthy of further investigations. Another study analysed the influence of FBS under cell culture conditions, but the occurrence of carbon (due to the presence of CO 2 ) was attributed to contamination and therefore not thoroughly discussed [11] . The general problem of the incomparability of in vitro results was recently reviewed [8] . This still is a drawback, as there are many different methodologies (like electrochemistry, gas evolution, immersion tests a.s.o.) available, which give information about the corrosion speed. However, even if appropriate solutions are used there is a common disregard of the buffering capacity. Therefore it would be advisable to introduce the specific environment, even if it requires some efforts. Moreover the comparability to in vivo results still is questionable [7] and the ultimate goal would be to directly compare materials in the proposed system with in vivo results.
Corrosion products and oxygen
The analysis of the corrosion surface revealed the formation of crystalline precipitates in different forms (Figs. 7, 8 [24] , exhibited high similarities of the crystal structure and preliminary X-ray diffraction studies also confirmed the presence in the corrosion layer (unpublished data). Under atmospheric conditions (0.034% CO 2 ) the formation of hydromagnesite (Mg 5 (CO 3 ) 4 (OH) 2 Á4H 2 O), which was transforming to nesquehonite was observed, followed by pitting corrosion and the formation of brucite [25] .
The formation of MgCO 3 is hypothesized to be able to retard magnesium corrosion after the formation of a more or less closed layer [11] , and to restrict the transport of CO 2 and O 2 to the corrosion interface under atmospheric conditions [25] . In contrast, the corrosion layers observed here and in another study [10] appear to be permeable and this will allow further, but possibly reduced transport of gas and fluid to the surface. This fact may explain the increased magnesium concentration in the extract during the addition of proteins (Fig. 4) .
Taking the formation of magnesium carbonates into account, this could be an explanation for the drastic reduction in dissolved oxygen (Fig. 1) . Directly after immersion the formation of hydrogen bubbles is observable, but the incidence of gas formation is reduced or even abandoned over time. Theoretically, this could be due to a direct incorporation of oxygen: 2Mg ðsÞ þ Co 2 þ O 2 ! 2MgCO 3 Another possible sink for oxygen is the observed formation of calcium phosphates (Ca x (PO 4 ) x ) in calciumcontaining medium (DMEM). Interestingly, the distribution is not homogenous throughout the corrosion layer, but (Fig. 11) . This is also observed in vivo in stent applications, where calcification during degradation was found [26] [27] [28] . While for stent applications calcification is unwanted, this could be highly relevant for orthopaedic applications.
At the moment we can only hypothesize which mechanism is responsible for the ''loss'' of dissolved oxygen. However, a possible side effect of this ''oxygen drain'' may be the induction of low oxygen regimes or even hypoxia, which may attribute to the positive reaction to magnesium degradation. Hypoxic conditions (1% oxygen) in bone positively influence bone formation via the VEGF pathway and by down-regulation of sclerostin [29] . A further observation made in this study was the reduction of pH by low oxygen. This may have an influence on the corrosion speed and will be subject to further studies.
Conclusion
Taking together the experimental and literature data leads to the assumption that the application of cell culture conditions in combination with an appropriately buffered solution including proteins should be a standard for the in vitro analysis of magnesium and its alloys. The unravelling of the underlying corrosion mechanisms and of relevant influencing factors can help to optimize in vitro test setup to determine magnesium degradation. A study of utmost importance will be the comparison of experimental data from in vitro experiments with this setup to data obtained from in vivo experiments.
